surgery may be undetectable by functional assessment (creatinine) alone, and continuous monitoring of renal regional tissue oximetry may be more sensitive to important subclinical acute kidney injury. (Pediatr Crit Care Med 2019; 20:27-37) Key Words: acute kidney injury; biomarker; cardiac intensive care unit; congenital heart surgery; infant; near-infrared spectroscopy P ediatric cardiac surgery with cardiopulmonary bypass (CPB) has an occurrence rate of acute kidney injury (AKI) ranging from 20% to 86% depending on which diagnostic classification method is used (1) . The Kidney Disease: Improving Global Outcomes (KDIGO) criteria, relying on changes in serum creatinine and urine output (UOP), has been established as the preferred method to identify AKI in children and adults (1) . However, creatinine and UOP may not be reliable for neonates and infants due to the presence of maternal creatinine, varying degrees of creatinine reabsorption in the proximal tubules, muscle mass, a lower percentage of the cardiac output going to the kidneys, and glomerular filtration rates that do not reach adults levels until 2 years old (2, 3) .
Because higher morbidity and mortality have been associated with pediatric AKI (4, 5) , much effort has been made to develop novel biomarkers of renal injury to provide more precise identification of those at risk and allow for earlier detection and intervention. Neutrophil gelatinase-associated lipocalin (NGAL) has been described as one of the most promising biomarkers for early detection of AKI and even obviates the need for blood sampling because of urinary NGAL's strong diagnostic capability (1, 6) . More recently, the cell cycle arrest biomarkers, tissue inhibitor of metalloproteinases 2 (TIMP-2), and insulin-like growth factor-binding protein 7 (IGFBP7) have been validated in children after congenital cardiac surgery (7) . Like NGAL, these promising biomarkers of kidney injury are measured from the urine. The product of the urinary concentrations of TIMP-2 and IGFBP7 divided by 1,000 yields an AKIRisk Score, which was found to produce area under the receiver operating characteristic curves (AUCs) greater than 0.7 for AKI after infant cardiac surgery (7) . Several other studies suggest •[IGFBP7] may be superior to NGAL for AKI detection in various patient populations and disease states (8) .
One disadvantage that both creatinine and biomarker (serum and/or urine) measurements share is that none provide continuous monitoring. Near-infrared spectroscopy allows for the continuous assessment of regional tissue oximetry (rSo 2 ) and is believed to reflect renal rSo 2 when placed on the flank overlying the kidney. Although some studies have observed an association between prolonged periods low perioperative renal rSo 2 and AKI after congenital cardiac surgery (9) (10) (11) , other studies have failed to show an association (12, 13) . Interestingly, although the study by Hazle et al (13) did not find an association between prolonged low renal rSo 2 and creatinine-based AKI after infant cardiac surgery, they did observe an association between renal rSo 2 and higher postoperative NGAL and interleukin-18 levels, suggesting an association between renal rSo 2 and kidney injury by more novel indicators.
Hence, in this study, we aimed to examine whether perioperative renal rSo 2 
MATERIALS AND METHODS

Study Design
This was a prospective observational study of neonates and infants with congenital heart disease (CHD) undergoing congenital heart surgery. The primary outcome investigated was postoperative AKI defined by KDIGO criteria and its association with perioperative renal rSo 2 and urinary biomarkers. Secondarily, we investigated associations between perioperative renal rSo 2 values, biomarkers, and postoperative kidney damage as identified by NGAL.
Setting and Participants
This study was conducted at a single academic pediatric medical center from October 9, 2015 to April 9, 2017. Data were collected during a single perioperative period without any further follow-up. Children with CHD requiring surgery with CPB prior to 1 year old were recruited. Exclusion criteria were preexisting renal dysfunction as defined by meeting KDIGO criteria for AKI preoperatively or preoperative dialysis requirement, radiographic evidence of any anatomic renal abnormality (e.g., polycystic kidney[s], solitary kidney, horseshoe kidney), and emergent procedures in children weighing less than 2.5 kg. Written parental informed consent was obtained prior to any sampling, and all aspects of the study were conducted in accordance with our Institutional Review Board protocol (PRO15020326). Patient demographic information and perioperative variables were all abstracted from the electronic medical record.
Regional Oxygen Saturation
Renal rSo 2 was continuously measured (Medtronic, Minneapolis, MN) from the time of entering the operating room through 48 postoperative hours. Sensors were placed just inferior to the left 12th rib and just lateral to the spinous process per manufacturer recommendations. We chose the left side to avoid any confounding by changes in liver size/position that could potentially alter right sided kidney position (14) . Baseline renal rSo 2 Bonferroni adjustment of the p value was used for all post hoc pairwise comparisons. Given increases in creatinine are heavily relied upon for determining AKI, Pearson product-moment correlation was used to investigate the association between patient characteristics (age, weight, body surface area) and preoperative baseline creatinine levels. Additionally, because serum creatinine has been described as an inaccurate metric for AKI in children (2, 6, 15, 16) , and evidence has shown NGAL to be a highly specific marker of nephron damage (1, 6, 17) (1, 18) . Inferential statistics were exploratory/hypothesis generating and thus were interpreted as such. Statistical analysis was completed using STATA 14.1 (StataCorp, College Station, TX) and GraphPad Prism 7.0a (GraphPad Software, La Jolla, CA). There were significantly different preoperative creatinine levels between the three AKI groups with those developing stage 2-3 AKI having the lowest preoperative creatinine levels ( Table 1) . Otherwise, there were no statistically significant differences in perioperative clinical variable comparisons between the three AKI groups (Table 1) .
RESULTS
Perioperative
Perioperative Renal Oximetry
Intraoperative renal rSo 2 data was collected for 65 patients (93%) and postoperative renal rSo 2 data for 60 (86%). Baseline renal rSo 2 was not significantly different between the three AKI groups ( Table 2) . Average and nadir intraoperative renal rSo 2 was not statistically significantly different between the three AKI groups; however, there was a trend toward lower average (Table 3) . There were no statistically significant differences between NGAL levels at 2 and 12 hours postoperatively. The 24-hour postoperative NGAL levels were significantly different between the three AKI groups (no AKI 6.2 ng/mL [1.8-8. (Table 3) .
AKI, Renal Oximetry, and Biomarkers
Significant inverse correlations existed between nadir intraoperative renal rSo 2 significantly correlated NGAL levels at 24 hours postoperatively (r = 0.41; p = 0.001 and r = 0.267; p = 0.041, respectively). There were significant differences in postoperative urinary NGAL levels at various time-points based on varying percent decreases of intraoperative renal rSo 2 from baseline with a drop in intraoperative renal rSo 2 greater than or equal to 30% showing higher NGAL levels at all postoperative time-points ( Table 4) . In addition, patients with [TIMP-2]•[IGFBP7] levels greater than 0.7 at 2, 12, and 24 hours postoperatively had significantly higher NGAL levels at those corresponding timepoints (Table 4) . Ordinary least squares regression was observed to be inappropriate due to heteroscedasticity and unequal variance of fitted residuals. Thus, we used quantile regression for estimating the conditional median of postoperative NGAL levels. After backward stepwise regression, both the 2-and 12-hour postoperatively NGAL models each yielded a single predictor variable, [TIMP-2]•[IGFBP7] levels at 2 hours postoperatively (p < 0.001 and p = 0.048, respectively) ( Table 5) . (Table 5) .
DISCUSSION
Postcardiac surgery AKI (any stage) occurred in 61% of our patients based on KDIGO criteria, which is similar to other infant studies. This study adds the additional evaluation of renal rSo 2 with NGAL, strengthening the analysis by adding a continuous measurement (renal rSo 2 ) and newly identified sensitive measure of nephron injury (NGAL), whereas previous studies lack these comparisons. We also critically assessed how our infants were meeting the specific KDIGO criteria. In addition, we chose to subdivide our patients into three AKI groups based on KDIGO criteria: no AKI, stage 1 AKI, and stage 2-3 AKI in order to evaluate whether trends existed as the severity of AKI worsened. Although we did not observe any statistically significant differences in intraoperative renal rSo 2 (41) 12 (40) 8 (62) levels between the three AKI groups, the average CICU renal rSo 2 levels were significantly lower in stage 2-3 AKI compared with the no AKI group. We also observed significantly higher 2-and 24-hour [TIMP-2]•[IGFBP7] levels and 24-hour NGAL levels in the stage 2-3 AKI group. Interestingly, the majority of our patients met KDIGO criteria for AKI by sustaining a creatinine increase of only 0.1 mg/ dL. Although this small increase technically meets KDIGO criteria for AKI, its clinical utility has been questioned (2). We observed the no AKI group had the highest baseline creatinine levels and also the highest proportion of neonates, with the stage 2-3 AKI group having the lowest of both. We also note the significant inverse correlations between baseline creatinine and age, weight, and body surface area. Again, this is described in the literature that up until the umbilical cord is clamped, fetal creatinine is equilibrated with maternal creatinine and thus early newborn creatinine levels more reflect maternal renal function than the neonate's (3). Thus, a neonate with higher baseline creatinine who experiences a perioperative increase of 0.1 mg/dL, say from 0.3 to 0.4, would not meet KDIGO criteria for AKI whereas an increase from 0.2 to 0.3 does.
Furthermore, 11 of 43 patients (26%) met KDIGO criteria for AKI by low UOP alone. These patients received significantly less furosemide postoperatively than those with AKI by creatinine alone. It is possible that some of these 11 patients may not have met UOP criteria for AKI if they had received more furosemide. This may explain why the use of diuretics to prevent AKI has resulted in increased mortality (19) , possibly due to the fact that giving diuretics may mask, and therefore possibly delay the recognition, diagnosis of, and intervention for AKI. Given higher neonatal creatinine levels, renal physiologic maturational changes, confounding clinical interventions, and the fact that creatinine, as a marker of renal function and not renal injury, does not begin to rise until 48-72 hours after injury (2, 6) , perhaps changes in serum creatinine after infant cardiac surgery hold very little, if any clinical value at all. The idea of serum creatinine as the gold standard for both diagnosing AKI and also the comparator to which novel biomarkers of renal injury are compared against has been challenged (16, 20) .
Renal Oximetry and Biomarkers
Similar to other studies, we show an association with perioperative renal rSo 2 levels, urinary biomarkers, and AKI based on creatinine/UOP criteria. However, as previously suggested we may be searching for correlations with an imperfect gold standard marker of disease (16) (1, 6, (21) (22) (23) .
We observed significant inverse correlations between nadir intraoperative renal rSo 2 levels and postoperative NGAL at all time-points as well as significantly higher postoperatively NGAL levels at various time-points based on the percent decline in renal rSo 2 from baseline, suggesting that neonates and infants able to maintain higher renal oxygenation intraoperatively may suffer less perioperative kidney damage. In particular, an intraoperative renal rSo 2 decrease of greater than or equal to 30% from baseline was associated with significantly higher NGAL at all postoperative time-points and provided the largest effect sizes compared with other percentage decreases. These observations are similar to those made by Hazle et al (13) , where they did not observe renal rSo 2 to be correlated with AKI, but rather there were significant correlations with NGAL (13 detectable by serum creatinine. The combination of a noninvasive, continuous oximetry monitor plus sensitive urinary biomarkers that obviate the need for repeated blood draws has great potential for altering the approach to identifying and trending the degree of AKI.
Limitations
This is a relatively small sample of patients from a single center. Intraoperative renal rSo 2 missing for five, postoperative renal rSo 2 missing for 10, and NGAL missing for 11 patients may have affected the results of the study. Also, there was a heterogeneous mix of CHD phenotypes. We acknowledge that similar to all of the age-related changes that affect serum creatinine levels in neonates and infants, similar maturational changes may occur with levels of the novel biomarkers as well. For instance, baseline NGAL levels were found to be significantly higher in preterm neonates, appear to nadir in the young-child age range and then begin to increase in adolescent and adult age groups (6) . We also acknowledge that our analysis is meant to be hypothesis generating, and therefore some results may overestimate the true significance of the differences.
Future Directions
Our observations from this study, in addition to those presented in recent infant AKI literature, suggest that although the use of standardized criteria for classifying AKI in infants after cardiac surgery have helped to advance our knowledge of perioperative renal injury, we are likely striving to investigate and improve upon an imperfect, poor sensitivity, poor specificity standard. The results of this investigation suggest that kidney stress, as detected by [TIMP-2]•[IGFBP7], could be both a specific target as well as a trigger for various actions designed to prevent kidney damage. This approach has been successful in adults undergoing cardiac (27) 
